The purpose of this research is to investigate the effect of AFm formation on the stiffening process of cement paste. High and low alkali sulfate clinkers were used for the experiments. The flow and stiffening behavior of cement paste was investigated using modified ASTM C403 penetration resistance test and oscillatory shear rheology. X-ray powder diffraction (XRD) was used for phase identification associated with stiffening of the paste. It was found from the results that low alkali clinker mixture produced very strong premature stiffening whereas high alkali clinker mixture did not cause premature stiffening. This is because of the large amount of alkali sulfate present in the clinker. Addition of calcium and sodium chloride to the high alkali clinker mixture caused faster stiffening and set.
Introduction
When gypsum is absent in the cement, flash set occurs by rapid AFm formation (C 4 AH 13 :hydroxyl AFm), which is an irrecoverable stiffening process of the mixture with large evolution of heat due to rapid hydration of C 3 A [1] . Therefore, to produce Portland cement, clinker is interground with a few percent of gypsum. When gypsum is present in the Portland cement, C 3 A hydrates to form ettringite (AFt). The role of gypsum is to prevent the rapid hydration of C 3 A (the most reactive phase in Portland cement) by forming protective ettringite layer at its surface. The formation of such layers is known to hinder the dissolution rate of C 3 A [2] .
An AFm can form before AFt if C 3 A reaction consumes the sulfate ions faster than they can be supplied by dissolution of gypsum [3] . In this case, premature stiffening can be caused by AFm formation (either the sulfate form through reaction with gypsum, the carbonate form through reaction with atmospheric CO 2 , or Friedel's salt through reaction with chloride ions). Such reaction may lead to a flash set. Once flash set occurs, plasticity of the cement paste cannot be regained with further mixing, and subsequent strength development is very poor.
The cement is known to present flash set if gypsum is not added to the clinker. However, this classical understanding may not be applicable to the clinkers produced these days. This is because large amount of waste materials are used as a source of fuel for clinkering process. The fuel becomes less pure and contains larger amount of sulfate that produces various alkali sulfate phases. Since alkali sulfates are very soluble, they can be a source of rapid sulfate supply for C 3 A hydration, which eventually prevents flash set.
In order to better understand this phenomenon, two clinkers (classified for ASTM type I Portland cement production) are selected for this research: the clinkers with high and low in alkali sulfates. The choice of clinkers showing difference in alkali sulfate content is important because one with low in alkali sulfate will present classical AFm formation that lead to flash set, whereas the one with high alkali sulfate is expected not.
It is also necessary to investigate the effect on the flow behavior of cement paste associated with the formation of other AFm phase. The stiffening of cement paste will be monitored using both oscillatory shear rheology and modified ASTM C403 penetration resistance test. The validity of penetration resistance test for monitoring stiffening of cement paste has been thoroughly investigated by Struble and colleagues [4, 5] . For verification of AFm formation, x-ray powder diffraction (XRD) analysis was used.
Experimental Procedures

Material
In order to verify the general understanding that clinker shows flash set, clinkers with high and low in alkali sulfate were prepared and ground in a ball mill. The clinker was first crushed using a jaw crusher and further ground using a pulverizing mill. Then approximately 1 kg of prepared clinker (at a time) was ground in a ball mill at a time. No liquid was added for grinding. Clinker samples were ground to achieve approximately 10~15 μm average particle size, which is similar to that of commercial cement. The average particle sizes of two clinkers were measured using Horiba apparatus, a particle size distribution analyzer CAPA-700. Grinding process was repeated until abundant quantity of ground clinker was obtained for experiments. The chemical compositions of two ground clinkers are presented in Table 1 .
In order to investigate the effect of other type of AFm (not hydroxyl AFm) formation on the stiffening behavior of cement paste, 2% calcium chloride solution were mixed with high alkali sulfate clinker. The addition of calcium chloride is intended to produce Friedel's salt (C 3 A·CaCl 2 ·H 10 ), which is a well known chloride incorporated AFm phase. A 3% sodium chloride solution was also prepared for this experiment since calcium chloride is a well-known accelerator. By screening the effect of calcium ion, it facilitates the interpretation on the effect of chloride ions on the stiffening of cement paste. : total alkali content = Na2O content + 0.658 × K2O content
X-ray diffraction
In this study, ground clinkers were analyzed using XRD to determine whether differences in composition are associated with differences in stiffening behavior. Hydrated cements were also examined using XRD to determine if differences in hydrated phases are associated with the abnormal stiffening.
Unhydrated ground clinker
Before XRD analysis, each ground clinker was mixed with acetone and the resulting slurry was ground in a mortar and pestle to a particle size of approximately 10 μm, then the acetone was evaporated in the fume hood until XRD analysis.
Salicylic acid methanol extraction (SAM)
Salicylic acid/methanol extraction (SAM) was used to facilitate identification of calcium sulfate and alkali sulfates. The high alkali sulfate clinker was extracted using salicylic acid/methanol (SAM). The sample, 5 g of cement or clinker, was added to a solution containing 20 g of salicylic acid in 300 ml methanol and the mixture was stirred for 2 hours. The suspension was vacuum filtered using a Buchner funnel and a filter. The residue was washed with methanol and dried in a 60°C vacuum oven until XRD analysis.
Hydrated cement paste
Cement paste of w/c 0.4 was prepared at 25 °C laboratory condition by hand mixing of 100 g ground clinker and 40 g nano-pure deionized water (or chloride solutions). Temperature of the water (or chloride solutions) was preconditioned to the laboratory temperature to minimize temperature variation. Mixing was done for 3 minutes using a stainless steel spatula. Pastes were poured into plastic container, covered by lid, and stored at 25 °C laboratory. Hydrated specimens were taken at 5 (after mix) minute, 1 hour, 2 hour and 3 hour. Collected specimens were placed in a 20 ml glass vial. Approximately one third of the vial is filled with paste and methanol was added to stop hydration. Then vial was shaken to dilute the water. The ground clinker paste was allowed to settle, the top liquid layer (a mixture of pore solution and methanol) was carefully removed by pipette, and fresh methanol was added. The vial was shaken again. This sample was stored for a few hours, and the liquid layer was again removed by pipette. Fresh methanol was added last time, and the sample was stored until analysis began. Before XRD analysis, the methanol was removed by pipetting.
XRD analysis
Prepared samples were packed into XRD sample holder, and the holder was placed in the Rigaku Geigerflex D/Max-VB x-ray diffractometer. Scanned 2-theta angle was from 5° (2θ) to 70° with a step size of 0.02° and a dwell time of 1.5 seconds. The working voltage was 40 kV and the electric current was 40 mA. MDI Datascan was used to perform the XRD scans and MDI JADE was used to assist the data analyses.
Penetration resistance
The ASTM C403 penetration resistance test was performed at selected time intervals on samples that were hydrated in the laboratory (25 °C). Cement pastes of w/c 0.4 were prepared by mixing 1500 g cement and 600 g water using a Hobart paddle mixer. Temperature of the laboratory and the mixing water was maintained at 25 °C. Mixing was performed following ASTM C305 with slight modification in procedure. Paste was first mixed for 30 seconds at the lowest speed level (140±5rpm). The mixer was stopped for 30 seconds to 60 seconds in order to scrape down cement paste adhering to the side of the mixing bowl. As soon as scraping was finished, the paste was mixed for 90 seconds at the intermediate speed level (285±10rpm).
As soon as the cement paste was mixed, it was poured into 150 mm × 150 mm × 100 mm plastic container, tapped slightly to maintain flat surface, and stored at 25°C laboratory. To maintain equal distribution of cement paste in the container, specimens were maintained in a horizontal alignment, with no inclination. Prior to testing, bleed water was removed by tipping the specimen to about 10°. Keeping a low tilting angle is because agitation or impact when carrying samples or removing bleed water during early stages of hydration was found to alter the penetration measurement.
Penetrations were measured using an Instron 4500, a screw driven universal testing apparatus, equipped with six different needles (625 mm2, 323 mm2 , 161 mm2, 65 mm2, 32 mm2, and 16 mm2 in cross sectional area and less than 90 mm in length). The largest needle is only used for the first measurement and needles are changed as needed until the smallest needle has been used. Each needle penetrates to a depth of 25 mm for 10 seconds. The load required to penetrate 25 mm depth was measured using a 1 kN load cell. Measured values were made in triplicate and averaged, and divided by area of the needle that was used at each measurement. It should be noted that changing the penetration needles requires a subjective decision from the tester, so an experienced technician may give less damage to the cement mixture and thereby derive better results.
Oscillatory shear rheology
The Bohlin CS, operated using stress controlled dynamic oscillatory shear, was used to measure the rheological changes in the early stage of hydration due to the stress capacity of the instrument. The couvette geometry (C14 bob and cup) was selected for the experiments. The C14 bob has a diameter of 14 mm. The gap between the bob and cup is 0.7 mm.
Cement paste with w/c 0.4 was prepared by hand mixing for 3 minutes using 10 g cement and 4 g water. Water cement ratio higher than 0.4 was not used in order to prevent possible bleeding effect. In order to eliminate any effect associated with hand mixing and to provide a uniform starting condition, pastes were presheared in the rheometer at 200 Pa for 45 seconds and then allowed to equilibrate for 300 seconds. Oscillation stress was then applied at a frequency of 1 Hz and a sequence of increasing amplitude. Data acquisition and analysis were controlled by computer software. Tests (modulus vs. stress) were at selected time intervals, 5 minutes, 30 minutes, and 1 hour at 25°C. Temperature was maintained using water circulating through the cup from a temperature-controlled bath.
Results
Phase compositions of clinkers
Generally, the total alkali content of cement is determined by Na 2 O equivalent content. It can be calculated using "Na 2 O content + 0.658 × K 2 O content" in cement. The factor 0.658 accounts for the differences in the morecular weights of Na 2 O and K 2 O. It is known that 0.6% or higher Na2O equivalent content can cause serious alkali aggregate reaction [1] , so this guideline is often used for determination of high and low alkali cement. As already demonstrated from Table 1 , high alkali sulfate clinker (1.07% Na 2 O equivalent content) and low alkali sulfate clinker (0.44% Na 2 O equivalent content) can be classified as high and low alkali clinker, respectively.
It is well understood that higher alkalinity of cement accelerate the hydration of cement paste. However, important criteria for premature stiffening is not the alkalinity, but the sulfate content. Considering the hydration reaction of C 3 A, sufficient supply of sulfate ions are necessary to prevent flash set. Typically gypsum (CaSO 4 ·2H 2 O) is used to prevent flash set, but alkali sulfate can be more effective to control flash set because it has higher dissolution rate of sulfate than gypsum. This indicates that no gypsum is needed for high alkali sulfate cement. As presented in Table 1 , high alkali sulfate clinker contains 2.08% sulfate (SO 3 ) content. This is about 3 times higher than that of low alkali sulfate cement, which is 0.74%. The XRD pattern shown in Figure 1 verifies (XRD pattern of high alkali sulfate clinker before and after SAM extraction) the oxide compositions shown in Table1. SAM extraction was used to remove calcium silicate phases in order to facilitate the analysis of minor phases such as alkali sulfates. The ground clinker did not contain gypsum, but hemihydrate (at 14.72° 2 theta angle) was observed.
Alkali sulfates, such as arcanite (   ) and aphthitalite ((    ), were also observed from SAM extracted XRD pattern. This indicates that the amount of sulfate is sufficient during clinkering process, so alkalis did not go into aluminate to form orthorhombic C 3 A (actually NC 8 A 3 ) but combined with sulfate to form alkali sulfates [2] . As a result, more reactive cubic aluminate phase (C 3 A) was observed from the XRD pattern. This result strongly indicates that the sulfates in the ground clinker exists in the form of alkali sulfates.
The SAM extracted clinker also showed syngenite. It could have been associated with moisture access to the ball mill during grinding process since syngenite forms very rapidly even in the presence of moisture (which often results in a pack set in silo) [3] .
AFm formation
Figures 2 and 3 show stiffening behavior of high and low alkali clinker mixtures. According to Figure 2 , the high alkali sulfate clinker mixture showed gradual stiffening response of cement paste [4, 5] , but the low alkali sulfate clinker mixture never showed such stiffening. Instead, low alkali clinker mixture actually showed very strong premature stiffening. The stiffness of the mixture is so high that it could not be tested using oscillatory shear rheometer. The early stiffening of cement paste is presented in Figure  3 . The earlier penetration resistance of low alkali sulfate clinker mixture was higher than that of high alkali sulfate clinker mixture, but further microstructural development was stopped and showed almost no increase in penetration resistance. Even at 9 hour after mixing, low alkali clinker mixture did not reach the initial set for cement paste, which is 2 MPa as suggested by Chung et al. [5] . According to the XRD patterns of hydrated high alkali clinker mixtures shown in Figure 4 , AFm formation was observed at 2 hour after mixing, and disappeared at 3 hour. This seems to be a transient formation of AFm. It seems that the amounts of available sulfate and the reactivity of C3A are out of balance at that critical time.
However, the gradual stiffening characteristic of high alkali clinker mixture should not be related to AFm formation. It was observed that CH was formed at 2 hour with high alkali clinker mixture. AFm formation was not observed at the time of mixing and 1 hour. In this period, AFt (or syngenite) formation was observed instead of AFm formation. The results indicate that the presence of sulfate ions in high alkali sulfate clinker actually prevented rapid hydration of C3A to cause flash set. Thus, gradual stiffening of high alkali clinker mixture could be from hydration of calcium silicate phases since CH was also observed at 2 hour after mixing.
XRD results presented in Figure 5 verify the slow hydration of calcium silicate phases in low alkali sulfate mixture. The low alkali clinker mixture showed a small and wide AFm peak. AFm peak is considered relatively weak to cause such strong premature stiffening, but it actually did stiffen the mixture. The results presented in Figures 2, 3 , and 5 indicate that early AFm formation actually delayed hydration of calcium silicate phases. The low alkali sulfate clinker mixture showed calcium hydroxide at 9 hours after mixing, which is 7 hour difference in the formation of CH compared to high alkali sulfate clinker mixture. This is the reason why the further stiffening of low alkali clinker mixture was very slow.
Addition of chlorides
For a further attempt to form AFm, the high alkali sulfate clinker mixtures were prepared with 3% sodium chloride and 2% calcium chloride solution. Figure 6 and 7 showed XRD analysis results of high alkali sulfate clinker mixtures with addition of 3% sodium and 2% calcium chloride, respectively. As observed in Figure 6 , addition of sodium chloride formed a small peak of AFm at the time of mixing and 1 hour and the peak intensity somewhat increased at 3 hour. The ettringite formation was observed until 2 hours. The ettringite disappeared with sudden increase of AFm intensity.
Addition of calcium chloride also formed AFm as observed in Figure 7 . A large AFm peak was observed only after mixing. In addition, recrystallization of gypsum (secondary gypsum formation) was observed from 1 hour to 3 hours. Secondary gypsum formation seems to be caused by the reaction between sulfate ions (especially from arcanite in the clinker) and calcium ions (due to the addition of calcium chlorides). However, according to the XRD patterns, the AFm phase observed by the addition of chlorides was a sulfate AFm. No Friedel's salt was observed from Figures 6 and 7. It is likely that higher Cl-concentration is necessary to produce Fridel's salt.
With 3% sodium chloride, CH was formed at 3 hour. With 2% calcium chloride, CH was formed at 2 hour. As shown from stiffening characteristic by penetration resistance in Figure 8, As shown from Figures 9, 10, and 11, faster stiffening was observed due to addition of chloride. Since the storage modulus of each mixture was so noisy, and did not present meaningful data, only yield stress was compared to understand the stiffening characteristic associated with chloride addition. It was found that the effect of sodium chloride addition was not evident until 30 minutes. The yield stress of cement paste with sodium chloride increases after 1 hour. However, the effect of calcium chloride addition was quite evident after mixing. The yield stress increased after mixing. The general increase in yield stress (by rheology) and faster stiffening (by penetration resistance) with 3% sodium chloride addition can be explained by faster hydration of calcium silicate phases. The contribution of AFm formation is less clear.
Discussion
One of the clinkers used in this experiment contains a large amount of alkali sulfate. When this clinker was ground and mixed with water, it never showed flash set, and formed ettringite instead of AFm. Ettringite formation indicated that level of sulfate was sufficient to prevent rapid hydration of C3A. When calcium chloride was added, sulfate which did not go into the ettringite reacted with calcium ions in the solution and precipitated as gypsum.
When the other clinker, which contains a small amount of alkali sulfate, was ground and mixed with water, the paste was very flowable during most of the mixing period, then suddenly showed very rapid stiffening with moderate heat evolution. The reason can be attributed to the flash set of the paste. The flocculation was so strong and the mixture became so sticky that the paste did not pour when the paste container was overturned. It was possible to break down the structure by stirring or by tapping the container, but the paste was still quite stiff (high in viscosity), and immediately after mixing the solid structure was regained, indicating a highly thixotropic response. This behavior seems to be inconsistent with the description of flash set given traditionally. However, it is not clear whether the behavior observed in this research is a classical flash set or the classical description of flash set is incomplete.
When gypsum was added to the sample showing flash set (low alkali sulfate mixture) and the paste remixed, the paste never regained plasticity and stayed very sticky. Delayed addition of gypsum was unable to remove flash set condition. Thus, when approximately 2 gram of water was added and the paste remixed. The paste started to flow. From this little experiment, it is possible to speculate that water was tied up so tightly between AFm layers that the gypsum could not dissolve. Once the source of sulfate becomes sufficient, the flash set condition seems to break down.
Conclusions
According to the experimental findings in this study, following conclusions can be drawn.
1) The low alkali clinker mixture produced very strong premature stiffening. The flow behavior could not be measured using oscillatory shear rheology. The subsequent stiffening was very slow. Penetration resistance did not reach the initial set value up to 9 hours, due to the slow hydration of calcium silicate phases.
2) The high alkali clinker mixture did not cause premature stiffening. This is because of the large amount of alkali sulfate present in the clinker. Ettringite was produced as a result. 3) Addition of calcium and sodium chloride to the high alkali clinker mixture caused faster stiffening and set. However, stiffening is not associated with Friedel's salt, but associated with the hydration of calcium silicate phases. 4) The sample containing calcium chloride also showed secondary gypsum formation.
